Mutations in HFE cause the most common form of hereditary hemochromatosis (HH). We previously showed that liverspecific, transgenic overexpression of murine Hfe stimulates production of the iron regulatory hormone hepcidin. Here, we developed several additional transgenic mouse strains to further interrogate the structural basis of HFE function in the pathophysiology of HH. We hypothesized that the small, cytoplasmic domain of HFE might be necessary for HFE-mediated induction of hepcidin. We demonstrate that, like the full-length protein, overexpression of Hfe proteins lacking the cytoplasmic domain leads to hepcidin induction, iron deficiency and a hypochromic, microcytic anemia. However, high-level expression of a liver-specific Hfe transgene carrying the mouse equivalent of the common HFE C282Y human diseasecausing mutation (murine C294Y 
Introduction
The common iron overload disease hereditary hemochromatosis (HH) is caused by a chronic increase in dietary iron absorption. A unifying model has emerged to explain the pathogenesis of genetically distinct forms of HH. 1 Aberrant iron homeostasis results from interruption of a regulatory axis involving the hormone hepcidin, predominantly produced by hepatocytes, and the iron exporter ferroportin, present in duodenal enterocytes and macrophages. Hepcidin binds to ferroportin to trigger its internalization and lysosomal degradation. 2 In this way, circulating hepcidin controls both intestinal iron absorption and the release of iron from macrophages into the plasma. There are 3 general classes of genetic defects known to cause HH. First, recessive mutations in the gene encoding hepcidin (HAMP) prevent the production of functional peptide. 3 Second, some dominant mutations in ferroportin (encoded by SLC40A1) render it resistant to hepcidin regulation. 4, 5 Third, recessive mutations in the genes encoding HFE, transferrin receptor-2 (TFR2) or hemojuvelin (HFE2 or HJV), alter hepcidin expression by the hepatocyte. [6] [7] [8] Most hemochromatosis patients are homozygous for a C282Y mutation in HFE (equivalent to C294Y in mouse Hfe), an atypical major histocompatibility complex (MHC) class I-like molecule 9 that heterodimerizes with ␤2-microglobulin 10 and associates with the major transferrin receptor (TFR1). 11, 12 HFE is similar to MHC class I proteins in that it contains a signal sequence, 3 sequential immunoglobulin superfamily ␣-domains, and a transmembrane domain followed by a 19 amino acid, cytoplasmic domain. The cytoplasmic domain of human HFE has 2 conserved, potential phosphorylation sites at 335 Ser and 342 Tyr. Although it has been shown that the cytoplasmic domains of Class I MHC proteins are not necessary for transmitting T-cell activation signals, 13 and overexpression of HFE proteins containing either a S335M or Y342C mutation decreased ferritin levels in HEK293 cells, 14 we hypothesized that these 2 phosphorylation sites might be involved in HFE-mediated hepcidin induction in vivo. Cytoplasmic motifs similar to the YVLA ( 342 Tyr) motif in HFE function as endocyticsorting motifs in other transmembrane proteins, including TFR1. 15, 16 Recently, Gao and colleagues reported that a truncated protein containing only the ␣3 and cytoplasmic domains of HFE was able to regulate hepcidin expression in cultured cells. 17 Taken together, these data suggested that the cytoplasmic tail might play a role in HFE function or trafficking.
HFE acts in the liver where it contributes to regulation of hepcidin expression. Mice lacking Hfe only in hepatocytes display a hemochromatosis-like phenotype. 18 HFE may also function in other cells involved in iron recycling, such as Kupffer cells, 19 but its roles have not been fully characterized in cell types other than hepatocytes. We showed that Tfr1 sequesters Hfe, preventing it from participating in the induction of hepcidin expression. 20 Hfe also interacts with Tfr2, and Hfe/Tfr2 complex formation is favored over Hfe/Tfr1 interaction when high levels of diferric transferrin (Fe 2 -Tf) are present, as is true in iron overload. 21 Based on these observations, we and others have hypothesized that competition between Tfr1 and Tfr2 for Hfe binding allows hepcidin expression to be regulated in response to the amount of circulating Fe 2 -Tf. 17, 20, 21 However, other work suggests that Hfe and Tfr2 may not function in the same signaling pathway, as humans and mice with mutations in both HFE and TFR2 have a clinically more severe phenotype than individuals with either mutation alone. 22, 23 HJV is mutated in patients with a severe, early onset form of HH. HJV acts as a bone morphogenetic protein (BMP) co-receptor, binding BMP ligands in association with Type I BMP receptors and triggering a sons of mothers against decapentaplegic (SMAD)-dependent signaling cascade that leads to increased hepcidin expression. 24 Accordingly, disease-associated mutations in HJV result in decreased BMP signaling and decreased hepcidin expression. 24 Mice lacking Hjv produce very little hepcidin mRNA. 25, 26 Furthermore, hepatocyte-specific inactivation of Smad4 or germ line deletion of Bmp6, which encodes a BMP ligand that responds to iron status, leads to a failure of hepcidin expression and marked iron overload. [27] [28] [29] Although Bmp6 is up-regulated in response to iron overload in Hfe Ϫ/Ϫ animals, there is no stimulation of SMAD signaling and hepcidin levels are not increased. 30, 31 Thus, it appears that Hfe may function, at least in part, through the BMP-SMAD signaling pathway, but the implied functional dependence on Hjv has not been demonstrated experimentally.
To further interrogate the role of the Hfe in vivo, we generated Hfe transgenic mice that express Hfe lacking its short cytoplasmic domain and Hfe carrying a C294Y missense mutation. Transgenic lines were bred to animals lacking either endogenous Hfe or Hjv. Our results indicate that the extracellular and transmembrane domains of Hfe are sufficient for Hfe-mediated regulation of hepcidin in this overexpression model. However, loss of Hjv greatly attenuates Hfe-mediated hepcidin regulation.
Methods

Generation of transgenic mice expressing modified Hfe under control of the transthyretin (TTR) promoter
A full-length Hfe transgene (Hfe WT ) under the control of the transthyretin (TTR) promoter (pPJS095) was developed previously. 20 The C294Y mouse mutation (equivalent to the human C282Y disease-causing mutation) was introduced into vector pPJS095 with the QuickChange site-directed mutatgenesis kit using primers mC294YF and mC294YR (Hfe C294Y ). A truncated 1020bp mouse Hfe cDNA lacking the final 19 amino acids (Hfe ⌬CD ) was amplified using the primers HFEtgRnotail and HFEtgFOR from a cDNA template contained in pcDNA3.1, and subcloned into pCR2.1-TOPO. The truncated 1032bp mouse Hfe cDNA with a cMyc epitope replacing the final 15 amino acids (Hfe ⌬CDϪMYC ) of the protein was amplified using the primers HFEmycR and HFEtgFOR from a cDNA template contained in pcDNA3.1, and subcloned into pCR2.1-TOPO. In this second model 4 additional basic amino acids (RKRK) immediately after the transmembrane domain were left in place to increase the likelihood that the protein would localize to the cell membrane. 32 Both fragments were liberated with SpeI and EcoRV. The 3Ј overhangs were filled with Klenow enzyme, and the resulting sequence ligated into a blunted StuI site in the pTTR1exV3 vector (kind gift of Terry Van Dyke, University of North Carolina at Chapel Hill School of Medicine). Correct orientation and sequence were confirmed by sequencing analysis. The excised HindIII fragments were purified from the vectors by electroelution and microinjected into C57BL/6NCrl oocyte pronuclei at the Children's Hospital Boston Center for Molecular Developmental Hematopoiesis and then bred onto the C57BL6/J background. These mice were bred with an Hfe Ϫ/Ϫ strain of the same genetic background to generate Hfe Ϫ/Ϫ animals carrying the integrated TTR-Hfe transgene. Mice expressing the full-length Hfe or Hfe ⌬CDϪMYC truncated transgene on a C57BL6/J background were bred to Hjv Ϫ/Ϫ animals on a 129SvEv/Tac background (N3 generation final). All animals were heterozygous for each Hfe transgene.
Oligonucleotide primers
Oligonucleotide primers employed in the generation of transgenic mice, for PCR genotyping and for quantitative PCR analysis are listed in supplemental Table 3 (available on the Blood Web site; see the Supplemental Materials link at the top of the online article).
Animal care and analysis
All genetically modified mice were born and housed in the barrier facility at the Children's Hospital Boston and handled according to Institutional Animal Care and Use Committee-approved protocols. Animals were maintained on the Prolab RMH 3000 diet (Lab Diet, 380ppm iron). The facility employs a constant dark-night light cycle, and all animals were provided both water and food ad libitum. Due to differences in iron metabolism between male and female animals, only females were analyzed. All animals were euthanized and analyzed at 8 weeks of age.
PCR genotyping
Puregene DNA isolation (Gentra Systems) or DNeasy Blood & Tissue kits (QIAGEN) were used to prepare genomic DNA from tail snips. Transgenic TTR-Hfe mice were genotyped by polymerase chain reaction (PCR) with primers PS-133 and PS-134 to yield a 450bp band. HFENeo, HFEKO, Map3, and Map4 were also used to genotype mice by PCR, yielding a 230bp wild-type (WT) band and a 200bp Hfe knockout (KO) allele. Hjv Ϫ/Ϫ mice were genotyped by PCR using primers FH07, FH08, FH03 and FH04 yielding a 500bp WT band and a 250bp KO band. Tfr2 Y245X/Y245X mice were genotyped by PCR using primers TFR2 Y245XF and TFR2 Y245XR yielding a 814bp WT band and a 922bp KO band (supplemental Table 3 ).
Immunohistochemisty
Liver tissue samples were fixed in 10% buffered formalin for 24 hours and then embedded in paraffin. Formalin-fixed paraffin embedded tissue sections were mounted on microscope slides. Immunohistochemical staining was optimized using a Ventana Discovery XT automated immunohistochemistry slide processing platform according the manufacturer's instructions (Ventana Medical Systems). After the Closed Loop Assay Development (CLAD) protocol (Ventana Medical Systems), c-Myc immunoreactivity (rabbit anti-cMyc, Abcam) was optimized using the OmniMap DAB anti-Rabbit (HRP) detection kit (Ventana Medical Systems). Standard quality control procedures were undertaken to optimize antigen retrieval, primary antibody dilution, secondary antibody detection and other factors for both signal and noise. The Children's Hospital Boston Pathology Research Core Laboratory performed immunohistochemical procedures. Brightfield images were acquired using 40ϫ/0.75 or 20ϫ/0.5 objective lenses and 2ϫ camera adaptor (final magnification of 80ϫ or 40ϫ, respectively) of a BX50 microscope with DP25 Digital Camera employing DP2-BSW Version 2.1 software (Olympus).
Blood and tissue iron analysis
Whole blood for complete blood counts was collected retro-orbitally into EDTA-coated microtainer tubes (Becton Dickinson) from animals anesthetized with Avertin. Samples were analyzed on an Avida 120 analyzer (Bayer) by the Clinical Core Laboratories located at Children's Hospital Boston. Whole blood for other purposes was collected by retro-orbital bleeding into serum separator tubes (Becton Dickinson), and serum was prepared according to the manufacturer's instructions. Serum iron values were determined with the Serum Iron/UIBC kit (Thermo Fisher) according to the manufacturer's instructions. Liver and spleen tissues were collected and tissue non-heme iron concentrations were determined as described previously. 33 
Cell culture
Mouse embryonic fibroblast (MEF) cells were maintained in Dulbecco modified Eagle medium (DMEM) supplemented with 1% L-glutamine (Cellgro), 10% heat-inactivated fetal bovine serum (Hyclone) and 1% penicillin/streptomycin (Cellgro). Cultured cells were grown at 37°C in 5% CO 2 . For ER stress control experiments, MEF cells were seeded and grown to near confluence in 10-mm cell culture dishes, and transferred to fresh media and treated with increasing concentrations (0-10 mM) of dithiothreitol (DTT; Sigma) for 6 hours.
RNA extraction, RT-PCR, semiquantitative and quantitative PCR
Total liver RNA was isolated from flash-frozen tissue with TRIzol (Invitrogen) or from cells using RNeasy mini kit (QIAGEN). Total RNA was treated with DNase I (Roche) to remove contaminating genomic DNA. cDNA was synthesized from the resulting RNA using the iScript cDNA Synthesis Kit (Bio-Rad) according to the manufacturer's protocol. Realtime quantification of hepcidin (Hamp) and ␤-actin, 20 and Id1 and Bmp6 34 mRNA transcript levels was performed as described previously. Semiquantitative reverse transcription (RT)-PCR was employed to measure unspliced (205 bp) or spliced (179 bp) Xbp-1 mRNA forms in harvested MEF cells and liver samples. PCR products from 50 ng of starting cDNA were separated on 2% agarose gels and liver samples were quantified with ImageJ 1.42q software (NIH). All primers are listed in supplemental Table 3 .
Immunoblot analysis
Tissues or cells were manually lysed in modified RIPA buffer (50mM Tris pH 7.5, 150mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) supplemented with Complete Mini, EDTA-free protease inhibitor cocktail tablets (Roche). Cell debris was removed by centrifugation. 50, 100, or 150 g of total liver tissue protein or 25 g cell lysate protein was diluted in 2X Laemmli buffer (0.2 M DTT final), boiled and electrophoresed on precast 10% Criterion polyacrylamide (Bio-Rad) or 4%-12% NuPage (Invitrogen) gels. Proteins were transferred onto nitrocellulose membranes and immunoblot analysis was performed using rabbit anti-mouse Hfe␣3 (1:250, a gift from Alain Townsend, University of Oxford Weatherall Institute of Molecular Medicine), rabbit anti-cMyc (1:1000, Abcam), rabbit antimouse Tfr2 (1:1000, Alpha Diagnostic), mouse anti-human TFR1 (1:500, Zymed), mouse anti-rat KDEL [10C3] (1:1000, Abcam) or rabbit anti-␤-actin (1:1000, Cell Signaling). Blots were then incubated with anti-rabbit or anti-mouse (1:5000) secondary antibody conjugated to horseradish peroxidase and then subjected to chemiluminescence (Amersham, ECL) per the manufacturer's directions. Between immunoblot analyses, blots were stripped with ReBlot Strong (Chemicon). BiP protein expression relative to ␤-actin protein was quantified using ImageJ 1.42q software (NIH).
Results
The Hfe cytoplasmic domain is not essential for induction of hepcidin expression
Earlier studies suggested that the cytoplasmic domain might be important for HFE function and/or trafficking. We previously demonstrated that hepatocyte-specific expression of WT Hfe cDNA under the control of the transthyretin (TTR) promoter (Hfe WT ) prevented iron overload in Hfe Ϫ/Ϫ animals, and, in fact, resulted in iron deficiency attributable to increased hepcidin expression. 20 To assess whether the cytoplasmic domain of Hfe is necessary for Hfe-mediated induction of hepcidin expression, we performed similar experiments employing truncated Hfe transgenes.
First, we constructed a TTR-Hfe transgene that encodes a protein lacking the entire 19-amino acid, C-terminal cytoplasmic domain, leaving the extracellular and transmembrane portions intact (Hfe ⌬CD ; supplemental Figure 1A ). Unfortunately, it was not possible to detect endogenous Hfe with available antibodies, and we were concerned that we would not be able to visualize a truncated protein product. To circumvent this problem, we created a second truncated transgene (Hfe ⌬CDϪMYC ) in which the cytoplasmic domain of Hfe was replaced with a c-Myc epitope tag ( Figure 1A ). Mouse lines carrying each transgene were bred to Hfe Ϫ/Ϫ animals of the same genetic background and analyzed for perturbations in iron homeostasis. We found that animals carrying the Hfe ⌬CDϪMYC transgene expressed high levels of chimeric protein in the liver ( Figure 1B ) and modest amounts in the pancreatic islets of Langerhans (supplemental Figure 2A) , consistent with the known activity of the TTR promoter. 35 In hepatocytes, the Hfe ⌬CDϪMYC chimeric protein localized to the basolateral membrane ( Figure 1C-D) . This is consistent with previous observations that functional wild-type HFE protein is localized to the cell surface. 10 Hfe-cMyc (arrow) and non-specific bands (*) are noted. Liver immunohistochemistry for cMyc epitope in Hfe Ϫ/Ϫ (C) and Hfe Ϫ/Ϫ Hfe ⌬CDϪMYC (D) animals (magnification 80X). Box plots depicting the (E) serum transferrin saturation (%), and (F) non-heme liver iron (g/g wet weight). The bar within the box represents the median, while the top and bottom of the box are the 75th and 25th percentiles, respectively. The top and bottom whiskers depict the 90th and 10th percentiles, respectively. Data points outside of the 10th and 90th percentiles are drawn as circles. WT (n ϭ 7), Hfe Ϫ/Ϫ (n ϭ 12) and Hfe Ϫ/Ϫ Hfe ⌬CDϪMYC (n ϭ
org From
We compared the phenotypes of Hfe Ϫ/Ϫ animals with and without liver-specific expression of C-terminally truncated Hfe transgenes. We found that both truncated Hfe transgenes overcorrected the Hfe Ϫ/Ϫ iron loading phenotype, and caused iron deficiency (supplemental Figure 1B-C, Figure 1E-F) . compared with Hfe Ϫ/Ϫ animals, this was associated with a normalization of hematologic parameters in Hfe ⌬CD (supplemental Table 1 ) and a hypochromic, microcytic anemia in Hfe ⌬CDϪMYC mice (Table 1) . Specifically, Hgb, MCV, and MCH were increased significantly in Hfe Ϫ/Ϫ compared with WT animals and these parameters decreased upon expression of Hfe ⌬CD (supplemental Table 1 ). The results were even more dramatic in Hfe ⌬CDϪMYC expressing mice; Hgb, MCV, MCH, and CHr were decreased significantly compared not only to Hfe Ϫ/Ϫ but also WT animals ( Table 1) . These results are similar to our previous observations in Hfe Ϫ/Ϫ mice expressing a wild-type Hfe transgene, 20 and comparable with mice with liverspecific transgenic expression of hepcidin itself. 36, 37 Compared with Hfe Ϫ/Ϫ animals, Hfe Ϫ/Ϫ mice expressing the Hfe ⌬CD transgene demonstrated a trend toward increased hepcidin mRNA (data not shown). Hfe Ϫ/Ϫ mice carrying either the previously described Hfe WT20 or Hfe ⌬CDϪMYC transgenes expressed significantly more hepcidin mRNA than Hfe Ϫ/Ϫ mice (Figure 2A) , providing an explanation for the more severe anemia observed in these animals ( Table 1 and Schmidt et al 20 ) .
Signaling through the Bmp pathway is decreased relative to liver non-heme iron content in Hfe Ϫ/Ϫ mice. 30, 31 Considering the inappropriately low hepcidin mRNA levels and elevated non-heme liver iron concentration in Hfe Ϫ/Ϫ mice, and inappropriately high hepcidin mRNA levels and depressed non-heme liver iron concentration in all of the transgenic animals, we predicted that Id1 mRNA, a transcriptional target of Bmp signaling, 28, 29 would be decreased in Hfe Ϫ/Ϫ animals and elevated in both Hfe WT and Hfe ⌬CDϪMYC transgenic mice. Accordingly, we found that overexpression of either of these Hfe transgenes increased Id1 mRNA expression ( Figure 2B ). As was observed with hepcidin induction, this increase reached significance for both the Hfe WT and Hfe ⌬CDϪMYC -transgenic lines compared with Hfe Ϫ/Ϫ alone. Conversely, it has been shown that Bmp6 mRNA levels are increased in response to increased iron stores resulting from either increased dietary iron or loss of endogenous Hfe. 30, 34 Correspondingly, we For personal use only. on April 3, 2017. by guest www.bloodjournal.org From observed an increase in Bmp6 mRNA levels in Hfe Ϫ/Ϫ mice ( Figure  2C ). Furthermore, mice expressing either of these Hfe transgenes had significantly decreased Bmp6 mRNA expression compared with Hfe Ϫ/Ϫ animals.
Overexpression of Hfe or Hfe mutant proteins does not initiate an unfolded protein or ER stress response
It is possible that overexpressed Hfe might lead to hepcidin induction by a mechanism distinct from that of endogenous Hfe. It was recently reported that hepcidin can be induced through the unfolded protein response (UPR) and endoplasmic reticulum stress response. 38, 39 The common human HFE C282Y (murine C294Y) disease-causing mutation alters the secondary structure of HFE, rendering it unable to reach the cell surface, 10 and induces UPR and ER stress in cell culture systems. 40 To test the hypothesis that it might have a similar effect in vivo, we created TTR-Hfe C294Y transgenic animals (Hfe C294Y , Figure 3A ) and analyzed parameters of iron metabolism. We bred Hfe C294Y transgenic animals to Hfe Ϫ/Ϫ mice of the same genetic background, and compared Hfe Ϫ/Ϫ mice carrying the Hfe C294Y transgene to Hfe Ϫ/Ϫ littermates. In contrast to Hfe Ϫ/Ϫ mice expressing the Hfe WT transgene, 20 we found that Hfe C294Y animals did not have decreased transferrin saturation, and had similar liver iron overload compared with Hfe Ϫ/Ϫ animals ( Figure 3B-C) . In agreement with these findings, hepcidin levels in Hfe Ϫ/Ϫ Hfe C294Y animals were not significantly elevated compared with Hfe Ϫ/Ϫ littermates (data not shown) and complete blood counts revealed no significant changes (supplemental Table 1 ).
To assess whether differences observed with each of the transgenes was related to overexpression, and hence the potential to induce the UPR or ER stress response, we measured total liver Hfe mRNA by quantitative RT-PCR. We found that Hfe mRNA was increased in all transgenic lines compared with both WT and Hfe Ϫ/Ϫ mice but that there were no significant differences in Hfe expression between the Hfe ⌬CD and Hfe ⌬CDϪMYC or the Hfe WT and Hfe C294Y strains (supplemental Figure 3) . Although it was not possible to detect endogenous Hfe, we were able to compare transgene protein expression levels (Figure 4 top panel) . Hfe WT , Hfe ⌬CDϪMYC or Hfe C294Y animals expressed similar amounts of Hfe protein; however, the Hfe ⌬CD protein product was greatly overexpressed. We do not yet understand why Hfe ⌬CD transgenic animals express such a high level of Hfe protein relative to mRNA expression. Expression of the Hfe-cMyc chimeric protein was also confirmed by blotting with an anti-cMyc antibody (Figure 4 middle panel).
Having established that transgene-expressed protein levels were comparable in most of the lines, we evaluated the possibility that 1 or more of the variant Hfe proteins induced hepcidin through a cellular stress response. Appearance of the spliced form of the transcription factor Xbp-1 has been shown to be an indicator of ER stress. 41 Treatment of mouse embryonic fibroblast (MEF) cells with increasing concentrations of dithiothrietol (DTT) induced ER stress and led to the appearance of an alternatively spliced form of Xbp-1 ( Figure 5A ). BiP (Grp78), an ER chaperone protein that is a key regulator of the UPR response and is induced by ER stress, 39, 42 was also increased by treatment with DTT ( Figure 5B ). In vivo, overexpression of the Hfe WT , Hfe ⌬CD , Hfe ⌬CDϪMYC or Hfe C294Y -transgenes, however, did not lead to an increase in either Xbp-1 mRNA splicing or BiP protein expression ( Figure 5C-D) . Most significantly, in contrast to previous in vitro observations, 40 gross overexpression of the Hfe ⌬CD protein product, or overexpression of the C294Y Hfe missense mutation in vivo, does not cause measurable ER stress in mouse livers. We conclude that the elevated hepcidin level in these mice is not caused by ER stress. 
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Hfe transgene-induced hepcidin expression occurs in the absence of detectable Tfr2
Exposure to elevated Fe 2 -Tf is associated with stabilization of TFR2 protein in both cell culture and animal models. 20, 43, 44 Accordingly, both Hfe Ϫ/Ϫ and Hfe Ϫ/Ϫ Hfe C294Y -transgenic animals, which have increased transferrin saturation, have increased hepatic Tfr2 expression (Figure 6 top panel) . In contrast, Tfr1 was essentially undetectable by immunoblot in Hfe Ϫ/Ϫ and Hfe Ϫ/Ϫ Hfe C294Y -transgenic animals, consistent with an appropriate response to hepatocellular iron overload (Figure 6 middle panel) . Conversely, as expected in animals with decreased transferrin saturation and decreased non-heme liver iron concentration, both truncated Hfe transgenic lines had decreased Tfr2 and increased Tfr1 protein in the liver (Figure 6 top 2 panels) . Increased Tfr1 and greatly decreased Tfr2 protein expression was also observed in animals overexpressing the Hfe WT transgene. 20 Previous work demonstrated that the interaction between Hfe and Tfr2 is promoted by exposure to Fe 2 -Tf 21 and this complex was postulated to lead to hepcidin-induction. However, here we show that hepatocytespecific expression of Hfe can induce hepcidin even in the absence of detectable levels of Tfr2 protein. This observation is concordant with other data in human patients and mouse models suggesting that TFR2 may not be essential for HFE-mediated induction of hepcidin. 22, 23 Our data indicated that an overexpressed, truncated form of Hfe lacking its cytoplasmic domain is sufficient for Hfe-dependent hepcidin induction in vivo.
Loss of Hjv greatly attenuates Hfe-mediated hepcidin induction
Homozygous mutations in HJV cause a more severe form of HH than do homozygous HFE mutations and are associated with markedly decreased hepcidin production. 45 Accordingly, Hjv Ϫ/Ϫ mice develop more severe iron overload and produce much less hepcidin than do Hfe Ϫ/Ϫ mice. 25, 26, 46, 47 It is not yet known whether direct physical or indirect functional interactions between HJV and HFE are necessary to induce hepcidin. Considering the strong effect of wild-type and truncated Hfe transgenes in modulating hepcidin expression, we asked whether transgenic expression of Hfe could overcome the loss of Hjv in vivo.
We bred animals expressing Hfe WT and Hfe ⌬CDϪMYC transgenes to Hjv Ϫ/Ϫ mice and compared transgenic Hjv Ϫ/Ϫ animals to their Hjv Ϫ/Ϫ littermates. Neither Hfe transgene was able to prevent the greatly increased transferrin saturation and high liver iron concentration that are hallmarks of the Hjv Ϫ/Ϫ phenotype 25 (Figure 7A-B) . However, both Hfe transgenes were associated with decreased non-heme liver iron and this reduction was statistically significant for the Hfe ⌬CDϪMYC transgene. As expected, hematologic parameters were normal in all strains (supplemental Table 2 ).
We anticipated that, similar to Hjv Ϫ/Ϫ mice, Hfe-transgenic animals lacking Hjv would express inappropriately low levels of hepcidin compared with their hepatic iron burden. We found that hepcidin expression in Hjv Ϫ/Ϫ animals carrying either of the Hfe transgenes was similar to that of Hjv Ϫ/Ϫ littermates, and greatly decreased compared with 129SvEv/Tac WT animals ( Figure 7C ). As expected in animals with iron overload and increased transferrin saturation, Tfr2 protein levels were increased, and Tfr1 was greatly diminished in the liver (supplemental Figure 5) .
To examine signaling through the Bmp pathway in these Hjv Ϫ/Ϫ models, we determined Id1 mRNA levels ( Figure 7D ) and found a trend toward a decrease in all animals lacking endogenous Hjv. Conversely, in agreement with the elevated iron stores of Hjv Ϫ/Ϫ animals, Bmp6 mRNA expression ( Figure 7E ) increased in all Hjv Ϫ/Ϫ or Hjv Ϫ/Ϫ Hfe-trangenic animals in comparison to WT mice. Hfe cDNA was greatly overexpressed in all Hjv Ϫ/Ϫ Hfetransgenic animals (data not shown). These results indicate that Hfe-mediated induction of hepcidin is highly dependent upon Hjv and that absence of either protein is associated with diminished Bmp pathway-dependent hepcidin induction.
Discussion
Hfe is required for the proper regulation of hepcidin production [46] [47] [48] but its role in this process is not well understood. We sought to determine which portions of Hfe are necessary for induction of hepcidin expression, and to determine the functional relationship between Hfe and Hjv, in vivo. Two mouse models were developed expressing a truncated form of Hfe lacking its cytoplasmic C-terminus. A third mouse model was produced in which Hfe is predicted to be unable to fold properly. We demonstrated that Hfe lacking its cytoplasmic domain is sufficient for induction of hepcidin expression in hepatocytes. Our results recapitulate earlier observations showing that the C294Y mutation results in a severe loss of function. Our data indicate that hepcidin expression is not a consequence of ER stress induced by overexpression of a structurally normal or abnormal protein. However, Hfe-induced hepcidin expression is minimal in the absence of endogenous Hjv.
Each of our models has provided insight into the structural requirements for Hfe function, but our understanding is still incomplete in several ways. First, prior studies demonstrated that the ␣3 domain of Hfe is required to interact with Tfr2. 43 Gao et al expressed a chimeric protein containing the HFE ␣3 and cytoplasmic domains fused to the transmembrane domain of HLA-B7 in HepG2 cells and showed that it was necessary and sufficient for Fe 2 -Tf-dependent induction of transcription from a hepcidin promoter construct. 17 However, our in vivo results are distinctly different. Liver-specific expression of a truncated Hfe molecule lacking its 19 amino acid cytoplasmic domain or of a chimeric Hfe molecule substituting a cMyc epitope for the final 15 amino acids of For personal use only. on April 3, 2017. by guest www.bloodjournal.org From the Hfe protein complemented Hfe deficiency. Furthermore, expression of the Hfe ⌬CDϪMYC transgene was associated with an increase in hepcidin transcription, iron deficiency and a hypochromic, microcytic anemia. We do not yet have an explanation for the differences between the in vitro results and our in vivo results, although it is possible that components of the Tf 2 -Fe sensing apparatus were not present in the cultured cells.
We also observed that Hfe ⌬CDϪMYC -transgenic mice had a more severe phenotype than Hfe ⌬CD expressing animals, consistent with their greater liver hepcidin production. This was not due to higher expression of the Hfe ⌬CDϪMYC transgene. In fact, the Hfe ⌬CD protein product was expressed at higher levels than the Hfe-cMyc chimeric protein. It is possible that Hfe ⌬CD truncated protein associates less well with ␤-2-microglobulin than the Hfe ⌬CDϪMYC protein. Alternatively, it has been shown that basic amino acids immediately after the transmembrane domain of membrane proteins are necessary for proper insertion and topology. 32 Thus, it is possible that loss of these amino acids in the Hfe ⌬CD truncated protein leads to improper or decreased membrane insertion causing a diminution in protein activity at the cell membrane.
Overexpression of mutant HFE in cell culture triggers an unfolded protein response (UPR) 40 and ER stress can induce hepcidin production. 38, 39 Using 2 separate methods we were unable to detect ER stress in any of the HFE overexpressing animals, including animals overexpressing an ortholog of the common C282Y human missense mutation that has been shown to induce ER stress in cell culture. 40 It is possible that there is acute stress early in the development of the mice, but that cellular adaptations to chronic overexpression of proteins occur over time.
HJV is crucial for hepcidin production and hepcidin mRNA is nearly absent when HJV is absent. 7, 25, 26 It is not yet clear, however, whether other known hepcidin regulators, including HFE and TFR2, act in concert with, or independently of HJV. HJV appears to be a primary regulator of hepcidin expression, whereas HFE and TFR2 seem to have secondary, modulatory roles. We observed that expression of Hfe transgenes in mice lacking endogenous Hjv does not rescue hepcidin or Id1 mRNA expression, indicating that HFE is not likely to function downstream of HJV in a signaling pathway. Nonetheless, non-heme liver iron levels do decrease in Hfe transgenic, Hjv Ϫ/Ϫ animals, suggesting the possibility that Hfe signaling is parallel to, rather than in series with, Hjv-dependent BMP signaling. Alternatively, it is possible that another protein plays a key role. Neogenin, a DCC (deleted in colorectal cancer) family member, interacts with Hjv 49,50 and loss of endogenous neogenin expression leads to decreased cell-surface Hjv and iron overload due to decreased BMP-mediated hepcidin signaling. 51 Although Lee and colleagues 51 postulate that neogenin functions to stabilize Hjv on the cell surface, leading to increased hepcidin expression and decreased iron uptake, it is possible that overexpression of Hfe could cause BMP-mediated hepcidin induction through neogenin rather than Hjv. Finally, it is possible that HFE may also function to affect iron homeostasis independently of hepcidin. Overexpression of HFE in cell culture has been shown to inhibit iron export in colonic HT29 cells 52 and inhibit iron uptake via down-regulation of Zip14 in HepG2 cells. 53 HFE may also function in a non hepcidin-dependent manner in Kupffer cells of the recycling compartment. 19 In any case, the observation that mice lacking Hjv or Hfe have inappropriately low hepcidin and Id1 mRNA expression relative to non-heme liver iron stores argues that Hjv-and Hfe-dependent signaling are, at a minimum, partially convergent on the BMP signal transduction cascade, if only indirectly.
In our studies, phenotypic parameters and hepcidin mRNA expression were measured at a single time point in mature animals. It is possible that overexpression of Hfe can induce minimal BMP-mediated hepcidin expression in the absence of the BMP co-receptor Hjv, and this might be sufficient over the lifetime of the Hfe transgenic animals to account for the observed influence on liver iron loading. Measurement of hepcidin over a longer timecourse in animals with either genetically induced iron-overload or anemia may help to elucidate how Hfe-mediated hepcidin expression is modulated at various stages of development.
Based on these mouse models and the in vitro work by Gao, et al, 17 we propose that the Hfe ␣3 domain is involved in Hfemediated hepcidin induction. The ␣3 extracellular domain has been shown to interact with Tfr2, 43 but the requirement for this interaction in hepcidin induction is still uncertain. Furthermore, the inability of transgenically expressed Hfe to complement the iron overload in Hjv knockout animals demonstrates that Hfe function is at least in part dependent on BMP/SMAD signaling facilitated by Hjv. Finally, our transgenic animal models offer another useful tool to help elucidate the specific roles of various iron sensing and signaling proteins. Future work will be necessary to better understand the link between members of the TF-Fe 2 sensing machinery, including HFE and TFR2, and elements of the BMP signaltransducing pathway such as BMP6 and HJV.
